and colleagues reported that a deletion of the region from the residue 113 to 120, which supposedly 5 constitute a β -sheet core of the amyloid, did not affect amyloidogenicity of the deletion variant, to their 6 surprise, and solid-state NMR of the variant revealed an altered β -core encompassing 106 to 125 [14] . On 7 Pβ-graphs of PrP23-144 and the deletion variant ( Fig. 2E) , a large peak was newly generated by the 8 internal deletion Δ 113-120 albeit with discrepancy in its exact position from the result of solid-state NMR, 9 suggesting a possibility that Pβ analysis could have predicted the newly-formed β -sheet core. 1 1 Regarding this type of truncated mutants, we were also interested in experiments of cross-seeding 1 2 reaction among the PrP23-144 from human, mouse and Syrian hamster PrP [Hu , Mo(23-143) and 1 3 Sy(23-144), respectively] [15] . The Hu(23-144) could be cross-seeded by in vitro-formed fibrils of Mo(23- 1 4 143) but not by fibril of Sy , while Mo(P23-143) was cross-seeded by either fibril of Hu or Sy(23- 1 5 144). In contrast, neither human nor mouse fibrils could seed Sy . Pβ-graphs of those molecules 1 6 were clearly different in the C-terminal region, with the human outstandingly high, the hamster the lowest 1 7 and the mouse at the intermediate (Fig. 3A) : those differences seemed to well-correlate with their fibril- 1 8 formation efficiencies [15] . We checked theoretical propensity to random-coil structure (Pc) by the same 1 9 algorithm and found that there were unequivocal differences between the three in the region from 132-136, 2 0 which has a peak in Pc-graph ( Fig. 3B ) and a trough in the Pβ-graph ( Fig. 3A) . Suspecting potential 2 1 significance of the Pc values for cross-seeding efficiencies, we also reviewed a series of cross-seeding 2 2 experiments of an amyloidogenic peptide derived from tau protein (R3) and its variants, e.g. C-terminally- 2 3 truncated variants and substitution variants with the serine at the residue 316 replaced with either proline 2 4 (R3-S316P) or alanine (R3-S316A) [16] . In the experiments, fibril formation of R3-316P was very slow on 2 5 its own but could be enhanced by adding fibrils of wild-type R3 or other variants as a seed. However, R3- 2 6 S316A and C-terminally-truncated variants which lack the serine at 316 did not exert the seeding effects. 2 7 On Pβ-graphs of the peptides, R3-S316A and R3-S316P had peaks at different positions ( Fig. 3C , blue 2 8 and red arrows). On the Pc-graphs, interestingly R3-S316P and the C-terminally-truncated variants which 2 9 could seed R3-S316P, namely Δ CR3SK and Δ CR3S, showed similar curves whereas another truncated 3 0 variant Δ CR3 which could not seed showed a pattern closer to wild-type R3 (Fig. 3D) . The possible relation 3 1 between the seeding effects and Pc is discussed in detail below. 3 3 We analyzed a conversion-resistant polymorphisms of human PrP, valine at the residue 127 (V127) 3 4 [17], in comparison with another polymorphism, valine at 129 (V129). V127 showed a shift of the Pβ peak 3 5 at 129 ( Fig. 4A, red arrow) with elevation of the region 125-128 (black upward arrows) and sink of the 3 6 peak at 122 (black down-ward arrow), while V129 simply elevated the peak at 129 despite they are only 3 7 single-residue apart ( Fig. 4A, blue arrow) . Comparison of Pc-graphs of V129 and V127 ( Fig. 4B ) revealed 3 8 6 that the Pc-peak of V127 in the Pβ-trough region (gray curve) were rather lower and narrower than that of 1 the wild-type or V129. Possibly, the remodeling of Pβ and Pc by V127 is responsible for the resistance to 2 the conversion to PrP Sc , because a PrP with a shifted β -strand would have difficulty in arrangement with the 3 counterpart of the template PrP Sc side-by-side to form stable parallel-in-register β -sheets. The same holds 4 true to the tau-derived peptides R3-S316A and R3-S316P, which had Pβ peaks at different positions and 5 did not cross-seed ( Fig. 3A) . Besides, properties of the loop/kink regions connecting the β -strands might 6 affect the parallel in-register β -sheet formation as well ( Fig. 4C) . Hennetin based on their hypothesis, which correctly predicted amyloidogenicity of some representative amyloids and 1 0 even structures of the β -arches [19] . Although ArchCandy failed to explain the results of the aforementioned Pβ-trough can cross-seed because they have similar β -arcs. As another explanation for the varied cross- 1 5 seeding efficiencies, it is also intuitively conceivable that a flexible loop/kink of the substrate peptide would 1 6 be more adaptive and facilitate arrangement of the β -strands in appropriate positions and orientations for 1 7 incorporation into the template, particularly in heterologous reactions ( Fig. 4D, middle left panel) , whereas 1 8 a rigid loop/kink has difficulty. From this view point, the above cross-seeding efficiencies of PrP(23-144) of 1 9 human, mouse and Syrian hamster could be explained like this: as the lowest Pc of Sy(23-144) reflects a and Pc, we utilized the data of fluorescence intensities of GFP fused to Aβ42 mutants [20] (Supplementary 2 6 Results and Discussion and Supplementary Fig. S1 ). Briefly, the Pβ alone showed a fair correlation with 2 7 the fluorescence intensity (correlation coefficient -0.768) ( Supplementary Fig. S1B ), an indicator of 2 8 aggregation tendency, but the ratio of Pβ and Pc exhibited even better correlation (correlation coefficient - 2 9 0.833), supporting our view ( Supplementary Fig. S1C ). It should be noted that the view does not 3 0 necessarily specify the parallel in-register β -sheet model as the correct one, because β -arches are also 3 1 important structural components of β -solenoids [18] . Although it is much easier to picture the conversion 3 2 reaction of parallel in-register amyloids, other evidences are required to specify which is correct. 3 3 
Testing biological relevance: Significance of Pβ and Pc values on cross-seeding efficiencies

Testing biological relevance: Effects of a prion-resistant polymorphism
Versatility of Pβ in interpretation of transmission results: Introduction of relative
Δ Pβ 3 4 As Pβ seemed to have biological relevance, we assessed versatility of numerical conversion of the 3 5 primary structure of PrP in analysis of interspecies transmission experiments. However, variation in the 3 6 heights of the peaks made Pβ-graphs inconvenient for comparison between PrP from different species; for 3 7 example, it obscures significance of differences in Pβ in regions with relatively-low Pβ values. Considering that PrP Sc already has β -sheets even in such regions irrespective of theoretical Pβ and that refolding of the 1 substrate PrP C is assisted by the β -sheet-rich PrP Sc in template-guided manner, we reasoned that a 2 parameter relative to the absolute Pβ values of the template PrP would more appropriately represent 3 impacts of the differences in the primary structures. Therefore, we adopted a parameter, relative Δ Pβ, 4 which represents deviations in Pβ between the substrate PrP C and the template PrP Sc , cf. Material and 5 Methods. We applied the new parameter to PrP of three intensively-investigated species, mouse, bank vole 6 and Syrian hamster and found it useful for comparison between different species (Fig. 5A) . Note that the 7 mouse and bank vole PrP were especially different in the region 150-175, which comprises the two 8 residues reported to be responsible for the unique transmission properties of bank vole, namely 154 and 9 169 [21] . As expected from the formula, the Δ Pβ-graph patterns were greatly changed depending on the 1 0 reference species, e.g. human (Fig. 5B) or elk (Fig. 5C) . 1 1 1 2 Transmission efficiency of a prion in interspecies transmissions is hypothesized to depend on 1 3 whether the conformation of the inoculated PrP Sc is included within the repertoire of conformations that PrP 1 4 of the recipient species can potentially adopt [22] . As an indicator of deviations in Pβ between two PrP, we 1 5 thought relative Δ Pβ-graph could reflect differences in the repertoire of conformations between substrate 1 6 and template PrP. We analyzed experimental transmissions of Syrian hamster prion Sc237 to Chinese 1 7 hamster and Armenian hamster [23] and another series of transmission of Syrian hamster prion 263K, 1 8 which is purported to be the same as Sc237, to a similar set of hamster species [24] . Inoculations of Sc237 1 9 to Armenian hamster or Chinese hamster developed diseases after incubation periods of ~174 days or 2 0 ~344 days, respectively [23] . As the primary structures of PrP of the two hamster species are distinct at 2 1 three residues, specifically 102, 107 and 111, the difference in the incubation periods seemed to be due to 2 2 the residues. On Δ Pβ-graphs relative to Syrian hamster (Fig. 6A) , the differences in the primary structures 2 3 were recognized as distinct sizes of positive peaks in the region 95-120 and the sizes seemed to correlate 2 4 with their incubation lengths: the higher and wider the positive Δ Pβ peak centered at 110, the longer the 2 5 incubation. This implied that Sc237 disfavors high Pβ values in the region, exemplifying that high Pβ is not 2 6 necessarily advantageous for efficient transmission. The long incubations of ~314 days in the transmission 2 7 of Armenian hamster-passaged Sc237 to Chinese hamster, whose relative Δ Pβ showed a large positive 2 8 peak in the region 110-120 ( Fig. 6B, red curve) , also supported the view. In the back-transmissions of 2 9 Chinese hamster-or Armenian hamster-passaged Sc237 to Syrian hamster, interestingly, incubation 3 0 periods were relatively short and not very different, ~121 days or ~113 days, respectively. Although these 3 1 phenomena were regarded as the evidence for host factors determining the incubation length [23, 24] , 3 2 these seemed explainable also by the influences of properties of loops/kinks on PrP C -PrP Sc conversion. 3 3 The relative Δ Pβ-graphs of the back transmissions were almost mirror images of the Δ Pβ-graphs of the 3 4 forward transmissions, with the positive peaks in the latter inverted to negative peaks in the former and vice 3 5 versa (Fig. 6B) . In the transmission from Chinese hamster to Syrian hamster, a substantial part of the 3 6 negative peak at the region 105-120 matches the Pβ-trough (Fig. 6B, arrow) . If a Pβ-trough represents a 3 7 loop/kink as discussed above, lower Pβ in the trough could represent a more flexible loop/kink and more 3 8 8 adaptive to a heterologous template (Fig. 4D) ; that might be the reason for the relatively small difference in 1 incubation periods. Notably, Djungarian hamsters showed relatively short incubation periods for Syrian 2 hamster 263K, despite the same Δ Pβ-graph pattern as Chinese hamster in the region 95-120 ( Fig. 6A,   3 green curve), as if the negative effects of the positive peak at 110 was neutralized by another positive 4 peak at ~140. As one possibility, this is attributable to stronger interactions of Djungarian-hamster PrP with 5 the template PrP Sc through the interface at ~140 because of the higher Pβ. The strong interactions could 6 keep substrate and template PrP molecules close long enough for the other interface region at ~110 to 7 complete structural changes. Another possibility is discussed below. 9 TSEs often drastically change transmission properties after interspecies transmissions. For example, 1 0
Interspecies transmissions between various hamsters
8
Change of the host range of C-BSE through interspecies transmission
sheep-passaged C-BSE is more efficiently transmissible to transgenic (Tg) mice expressing human PrP [25], elk PrP [26] or porcine PrP [27] . Mouse-passaged C-BSE becomes transmissible to Syrian hamsters 1 2 [28] . Ferret-adapted CWD more efficiently infect Syrian hamsters [29] . Not only enhancement of virulence, 1 3 loss of transmissibility to the original species can also occur, as seen in the poor transmission of the CWD 1 4 passaged in bank vole-PrP-expressing Tg mice to elk PrP-expressing Tg mice [30] . We expected that passaged C-BSE to elk-PrP-expressing Tg mice (Fig. 7A, green curve) apparently showed less deviation 1 8 from the base line than the Δ Pβ-graph of the transmission of cattle C-BSE to elk (Fig. 7A, red curve) , 1 9 suggesting a possibility that the enhanced transmissibility might be due to improvement of the deviations in ( Fig. 7B, bottom brackets) . Possibly, the improvement of deviations between the template PrP Sc and the 2 3 substrate PrP C in those regions might compensate for the remaining deviation in the intervening region. 2 4 Although less apparent than those two cases, cattle-mouse-Syrian hamster serial transmission of C-BSE 2 5 would be also explained in the same manner: The Δ Pβ-graph is flattened in the region 175-195 and the 2 6 deviation in the region 145-150 is also improved approaching to the baseline (Fig. 7C, bottom brackets) . 2 7 Unlike the foregoing cases, in the transmission of sheep-adapted BSE to Tg mice expressing human PrP, 2 8 the relative Δ Pβ-graph did not become flat in the region 180-195 but the deviation in the sheep-to-human 2 9 transmission seemed improved compared with that of the cattle-to-human transmission (Fig. 7D) . 3 0 Collectively, those results imply that the improvements in the deviations in the regions 150-165 and 180- 3 1 195 might facilitate transmissions of C-BSE to originally less-susceptible species. This implication requires 3 2 validation by other types of experiments. If proven true, it strongly supports the legitimacy of our approach. 3 3 3 4 In the relative Δ Pβ-graph of transmission of ferret-passaged CWD to Syrian hamster (Fig. 7E, green 3 5 curve), one positive peak newly appeared in the region 170-180, which has the crest at the similar position 3 6 as the Pβ peak at ~175 of elk PrP (Fig.7E, arrow) , compared with transmission of elk CWD to Syrian 3 7 hamster (red curve). This seemed reminiscent of a Δ Pβ-graph of transmission of CWD to Tg mice 3 8 9 expressing chimeric human PrP with elk residues in the region 166-174, which greatly facilitated 1 transmission of CWD, compared with Tg mice expressing pure human PrP [31] . On relative Δ Pβ-graph, the 2 negative peak in the region 160-180 seen in the Δ Pβ-graph of elk-to-human transmission was completely 3 buried in the chimeric PrP (Fig. 7F, arrow) . Those findings suggest that smaller discrepancies in Pβ in the 4 region between substrate and template are advantageous for propagation of CWD prion.
Change of the host range of CWD through interspecies transmission
5
Mechanism of strain diversity from our view point 6 Relative Δ Pβ is unambiguously defined by the primary structures of PrP of donor and recipient 7 species. On the other hand, even between the same pair of species, some prion strains are transmissible, 8 whereas others are not. For example, cattle C-BSE is transmissible to mouse but L-BSE is not. This could 9 be explained by strain-specific patterns of usages and/or predominance of certain interfaces among the 1 0 multiple interfaces of PrP [12] : some strains favor high Pβ values in a certain interface region, while other 1 1 strains demand low Pβ in the same region. Such variations could presumably stem from either stochastic 1 2 events, presence of cofactors and/or environments during the initial nucleation of PrP Sc , and be inherited to 1 3 the offsprings. 1 4 Problems to be addressed in the future: intrinsic properties 1 5 Beside Pβ values, other attributes of β -strands of the interface regions also theoretically affect 1 6 interaction efficiencies between the substrate PrP C and template PrP Sc , including interactions through side 1 7 chains (e.g. steric zipper or electrostatic interactions), twist/tortion of β -strands, and positioning and 1 8 orientations relative to the other strands [32] . To address those factors, molecular dynamic simulation of 1 9 parallel-in-register amyloids would be necessary for future studies. Apart from that, an algorithm which 2 0 combines the characteristics of ArchCandy and the secondary-structure prediction seems feasible because 
